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Abstract Electroencephalographic recordings from the developing human brain are
characterized by spontaneous neuronal bursts, the most common of which is the delta brush.
Although similar events in animal models are known to occur in areas of immature cortex and drive
their development, their origin in humans has not yet been identified. Here, we use simultaneous
EEG-fMRI to localise the source of delta brush events in 10 preterm infants aged 32–36
postmenstrual weeks. The most frequent patterns were left and right posterior-temporal delta
brushes which were associated in the left hemisphere with ipsilateral BOLD activation in the insula
only; and in the right hemisphere in both the insular and temporal cortices. This direct measure of
neural and hemodynamic activity shows that the insula, one of the most densely connected hubs in
the developing cortex, is a major source of the transient bursting events that are critical for brain
maturation.
DOI: https://doi.org/10.7554/eLife.27814.001
Introduction
In animal models, spontaneous bursts of synchronized neuronal activity (known as spindle bursts)
play an instructive role in key developmental processes that set early cortical circuits, including neu-
ronal differentiation and synaptogenesis (Hanganu-Opatz, 2010; Khazipov and Luhmann, 2006).
Experimental disruption of the normal occurrence and propagation of this early spontaneous activity
leads to permanent loss of healthy cortical organization, such as segregation into ocular dominance
columns (Xu et al., 2011) and whisker barrels (Tolner et al., 2012) in the primary visual and somato-
sensory cortices respectively.
Neural activity recorded in human infants during the preterm period with electroencephalography
(EEG) is also characterized by intermittent high amplitude bursts known as Spontaneous Activity
Transients (SATs) (Khazipov and Luhmann, 2006; Andre´ et al., 2010; Tolonen et al., 2007). SATs
appear to have a crucial role in early human brain development, as their occurrence is positively cor-
related to brain growth during the preterm period (Benders et al., 2015). The most common of
these events is the delta brush, a transient pattern characterised by a slow delta wave (0.3–1.5 Hz)
with superimposed fast frequency alpha-beta spindles (8–25 Hz) (Andre´ et al., 2010;
Whitehead et al., 2017). Delta brushes appear from 28 to 30 weeks PMA (Boylan et al., 2008;
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Lamblin et al., 1999; Niedermeyer, 2005; Vecchierini et al., 2007), have a peak incidence at 32–
35 weeks PMA (Andre´ et al., 2010; Boylan et al., 2008; Lamblin et al., 1999; D’Allest and Andre,
2002; Hahn and Tharp, 2005) and disappear between 38–42 weeks PMA (Boylan et al., 2008;
Hahn and Tharp, 2005). They initially have a diffuse or predominantly peri-central distribution in
infants <32 weeks PMA (Lamblin et al., 1999; Boylan, 2007; Volpe, 1995), progressing to have a
more temporal and occipital (but rarely frontal) topography in late preterm infants (Tolonen et al.,
2007; D’Allest and Andre, 2002; Hahn and Tharp, 2005; Volpe, 1995; Watanabe et al., 1999). As
with spindle bursts in animal models, delta brushes can also be elicited by external stimuli
(Chipaux et al., 2013; Colonnese et al., 2010; Fabrizi et al., 2011; Milh et al., 2007) with their top-
ographies coarsely overlying the primary sensory cortices of the relevant stimulus modality, suggest-
ing that the activation of specific cortical regions appears on the scalp surface as different delta
brush distributions.
As delta brushes are the hallmark of the preterm EEG, reviewing their incidence and morphology
is an important part of the clinical neurophysiological assessment of hospitalised infants
(Whitehead et al., 2017). Preterm infants with a greater incidence of delta brushes are more likely
to develop normally (Biagioni et al., 1994), while diminished occurrence or atypical morphology is
seen in infants with major brain lesions such as periventricular leukomalacia who later develop cere-
bral palsy (Andre´ et al., 2010; Watanabe et al., 1999; Conde et al., 2005; Kidokoro et al., 2006;
Okumura et al., 1999; Okumura et al., 2002; Tich et al., 2007). As delta brushes should disappear
at term equivalent age, the number of events can also be used to determine the severity of EEG
dysmaturity, which is defined by the presence of patterns that are at least 2 weeks immature relative
to an infant’s PMA ([Andre´ et al., 2010; Hahn and Tharp, 2005; Holmes and Lombroso, 1993;
American Clinical Neurophysiology Society Critical Care Monitoring Committee et al.,
2013) and which is associated with adverse cognitive outcome if persistent over serial recordings
(Okumura et al., 2002; Holmes and Lombroso, 1993; Hayakawa et al., 1997; Lombroso, 1985).
Despite their common occurrence, developmental importance and clinical significance, existing
animal and human studies are insufficient to build a model of the role of these electrophysiological
events in humans, in particular because of the lack of information about their neuro-anatomical
source. Whilst delta brushes can be readily identified with EEG, the localization of their source within
the brain cannot be easily inferred just from the electrical potentials recorded at the scalp surface
(Darvas et al., 2004). To overcome this intrinsic limitation of EEG recording, we used simultaneous
EEG-fMRI to combine the temporal sensitivity of EEG with the whole brain spatial specificity of func-
tional Magnetic Resonance Imaging (fMRI). Here, we provide the first evidence that spontaneous
patterns of delta brush activity in the period preceding normal birth are associated with significant
hemodynamic activity clearly localized to distinct regions within the developing cortex. We show
that the most common event in the late preterm period (posterior-temporal delta brushes) are
reflective of activity in the insular cortices and temporal pole. These findings provide the first evi-
dence of a direct link between spontaneous neural and hemodynamic activity in early human life and
provide a new understanding of how they relate to regional cortical function during this critical
period.
Results and discussion
Simultaneous EEG-fMRI data were successfully acquired in a group of 10 infants in their late preterm
period (median PMA at data collection 35 + 1 weeks, range 32 + 2 to 36 + 2 weeks; five female) dur-
ing natural sleep over a median of 7.5 min (range: 3.5–10.5 min). All the infants in the study sample
were clinically well at the time of study and were reported as having normal brain appearances on
their structural MR images. An optimized pre-processing and analysis pipeline which incorporated
an age-specific hemodynamic response function (HRF) and template brain was used for the fMRI
data (detailed in the supplementary methods) (Allievi et al., 2016; Arichi et al., 2012; Arichi et al.,
2010; Serag et al., 2012). Due to the confounding effects of head motion on both EEG and fMRI
data, several additional steps were also taken to specifically address this issue in both the initial pre-
processing and analysis phase (see supplementary methods).
In line with the literature (Andre´ et al., 2010; Whitehead et al., 2017), delta brushes occurred
frequently (median: 4.4/minute; range: 1.9–6.7) and with varying scalp distributions (23 in total; Fig-
ure 1 and Supplementary file 2). Nevertheless, right and left posterior-temporal delta brushes were
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consistently present in 10/10 and in 9/10 subjects respectively and could be associated with signifi-
cant clusters of positive BOLD activity (p<0.05 with family wise error correction) in the ipsilateral
insular cortex (Figure 2 and Figure 2—figure supplement 1). This result provides the first evidence
that the insulae represent major locations of occurrence for these developmentally required neuronal
events during our specific study window in the late preterm period. Although there are rapid
changes occurring across the whole brain in human preterm development, the timing and trajectory
Figure 1. Delta brushes occur with distinct topographies. Segments of EEG recordings showing individual examples of delta brushes with the most
common topographical distributions (occurred at least three times in a given subject). These rarely involved frontal and midline electrodes which are
therefore omitted for illustration clarity. Right and left posterior-temporal delta brushes occurred in 10/10 and 9/10 subjects respectively, while other
delta brushes were recorded in no more than two subjects. EEG traces and recording electrodes where delta brush activity was maximal are marked in
red. Shaded areas represent the time of occurrence of each event.
DOI: https://doi.org/10.7554/eLife.27814.002
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Figure 2. Localization of posterior-temporal delta brushes. In a group of 10 preterm infants (35 + 0 weeks PMA, range 32 + 2 to 36 + 2 weeks), right
posterior-temporal delta brush activity (blue) was significantly associated with BOLD clusters in the right temporal pole (z50, z55), right superior
temporal lobe (x28), and the right insular cortex (z60, z62, z64, z66). Left posterior-temporal delta brush activity (red-yellow) was significantly associated
with BOLD clusters in the left posterior insula (z64, z66) and left parietal operculum (z66, z68). Images show the results of a one-sample t-test (p<0.05)
performed using permutation testing and corrected for family-wise error overlaid on an age-specific T2-weighted brain atlas (Serag et al., 2012).
DOI: https://doi.org/10.7554/eLife.27814.003
The following figure supplements are available for figure 2:
Figure supplement 1. Example of subject level analysis.
DOI: https://doi.org/10.7554/eLife.27814.004
Figure supplement 2. T2-weighted MR images from two infants in our study sample imaged at 32 + 2 weeks PMA (top row) and 35 + 2 weeks PMA
(bottom row).
Figure 2 continued on next page
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of maturation has been shown to differ between regions (Makropoulos et al., 2016). In agreement
with the idea that bursting neural activity is directly linked to brain maturation, the insular cortices in
humans enter a crucial phase of their development during our study period (32–36 weeks PMA): (i)
their volumetric growth trajectories (and those of the adjacent temporal lobes) accelerate
(Makropoulos et al., 2016) and (ii) they establish an early pattern of dense functional and structural
connectivity, which allows them to assume a prominent role as cortical hubs during infancy
(Ball et al., 2014; Gao et al., 2011). As a result, the mature insulae have connections to almost all
other regions of the brain, enabling them to play a versatile role in a wide range of functions includ-
ing sensory and pain perception, multi-sensory integration, emotion, and cognition (Nieuwen-
huys, 2012). Similarly, in primates and rodents, the insulae have a dense network of connections
and play a key integrative function in sensory and behavioural processes (Butti and Hof, 2010;
Mars et al., 2013; Miranda-Dominguez et al., 2014; Zingg et al., 2014). Their anatomical maturity
is also more advanced in comparison to the surrounding cortex in early life (Huang et al., 2008;
Kroenke et al., 2007). However, there are currently no animal developmental studies that directly
address the relationship between bursting activity and maturation of this particular brain region.
The importance of the preterm period for insular development in humans is further emphasized
by studies showing that the degree of prematurity at birth, recreational drug use in pregnancy and
late onset intra-uterine growth restriction adversely affects both insular volume and thalamo-insular
connectivity at term equivalent age (Ball et al., 2012; Batalle et al., 2016; Egan˜a-Ugrinovic et al.,
2014; Grewen et al., 2015; Salzwedel et al., 2015), with the latter being significantly correlated
with cognitive outcome at 2 years of age (Ball et al., 2015). Furthermore, insular dysfunction and
poor growth have been implicated in a range of psychiatric conditions, including neurodevelopmen-
tal difficulties such as autism spectrum and attention deficit hyperactivity disorders which have
greater prevalence in preterm born children (Hatton et al., 2012; Johnson and Marlow, 2011).
In addition to the insulae, right-sided posterior-temporal delta brushes were associated with sig-
nificant clusters of hemodynamic activity in the right superior temporal lobe and pole (Figure 2).
This finding is of particular significance as these are regions where the subplate, a transient structure
which is thought to play a fundamental role in the generation of spindle burst activity in animals
(Tolner et al., 2012), can be qualitatively appreciated on high resolution MR images and histology
(Figure 2—figure supplement 2) (Kostovic´ et al., 2014). In human development, the subplate fol-
lows a similar trajectory to delta brush activity, reaching maximal thickness in the middle of the third
trimester before disappearing in most of the brain by term equivalent age (Kostovic´ et al., 2014).
The present results therefore support a link between these functional and structural developmental
features in humans.
Source localizing spontaneous delta brushes to the insulae and temporal pole does not necessary
imply that this activity starts here. Spindle bursts in animals are recorded from the cortical plate
(Yang et al., 2013), but are thought to be driven by spontaneous activity from the periphery (whis-
ker pad [Yang et al., 2009], spinal cord [Ina´cio et al., 2016], retina [Hanganu et al., 2006] and
cochlea [Johnson et al., 2011]); as well as from central pattern generators (CPGs) such as the pri-
mary motor cortex, brainstem and thalamus within the somatomotor system (for review see
[Luhmann et al., 2016]). It is therefore possible that other neuronal events in these centers may also
precede the occurrence of delta brushes in humans, but cannot be detected with EEG and fMRI. In
this instance, activity would then be amplified by the subplate resulting in measurable electrical-
hemodynamic events in the cortex. Nevertheless, it is unlikely that the insular activation we observed
here resulted directly from activity in the sensory periphery as the insulae are not involved in the pri-
mary processing of visual (Lee et al., 2012), auditory (Baldoli et al., 2015) or somatosensory stimuli
(Allievi et al., 2016; Arichi et al., 2010).
Bilateral and unilateral parietal, occipital and mid-temporal, but rarely frontal, delta brushes were
also sporadically recorded in individual subjects, suggesting the presence of other less active sources
of spontaneous activity at this developmental stage (Figure 3 and Supplementary file 2). In addition
to the ipsilateral primary clusters, other areas of BOLD activity were also frequently seen in the
Figure 2 continued
DOI: https://doi.org/10.7554/eLife.27814.005
Arichi et al. eLife 2017;6:e27814. DOI: https://doi.org/10.7554/eLife.27814 5 of 14
Short report Human Biology and Medicine Neuroscience
anatomical homologue in the opposite hemisphere and occasionally in association areas of the cor-
tex (supplementary motor area (SMA), anterior cingulate, precuneus) or deeper structures of the
brain (thalamus and basal ganglia) (Supplementary file 3). Delta brushes with topographies other
than posterior-temporal are more frequent earlier on in development compared to the age window
studied here (Lamblin et al., 1999; Boylan, 2007; Volpe, 1995) and may represent activity from
other developing brain regions which follow a different maturational trajectory. However precise
localization of the sources of these events and others that were not recorded in our study group will
require further work in a larger study population which spans other age ranges when these regions
may be more active. Such longitudinal work may also allow an exploration of whether key features of
spindle burst activity in animals are also present in humans during maturation, such as increasing
propagation of neuronal activity in local and neighbouring networks (Yang et al., 2013) and regional
differences in oscillatory patterns (Yang et al., 2009), as well as association of these events to the
presence of the transient subplate layer.
Despite the apparent absence of a tight neurovascular coupling in perinatal rodent models
(Kozberg et al., 2016; Zehendner et al., 2013), we demonstrated for the first time in human
infants, a clear association between a direct measure of neural (EEG) and positive functional hemo-
dynamic activity (fMRI). Whilst in rodents, neurovascular coupling matures postnatally together with
the development of long-range connectivity patterns (Kozberg et al., 2016), in humans this connec-
tivity can be readily identified by the late preterm period, thus suggesting that neuronal and hemo-
dynamic activity are already closely linked by this time (Allievi et al., 2016; Doria et al., 2010;
White et al., 2012). This relationship is developmentally regulated across the neonatal period result-
ing in changing hemodynamic responses (Arichi et al., 2012) and is validated by the presence of
localised positive BOLD activation in the primary auditory and somatosensory cortices following
Figure 3. Localization of delta brush events in a single preterm infant. Example of the significant hemodynamic activity correlated to less frequent delta
brushes in a single preterm subject at 35 + 6 weeks PMA. (a) The occurrence of bilateral posterior-temporal delta brushes was significantly associated
with well localized clusters of BOLD activity (red-yellow) in the bilateral superior temporal lobe and insulae (z55); while (b) bilateral occipital delta
brushes were associated with a cluster in the medial occipital region (z33). Images show the thresholded z-statistical map with a corrected cluster
significance of p<0.05 overlaid on the subject’s T2-weighted image.
DOI: https://doi.org/10.7554/eLife.27814.006
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sound and passive motor stimulation respectively (Allievi et al., 2016; Arichi et al., 2010;
Baldoli et al., 2015; Erberich et al., 2003).
Spontaneous activity is a fundamental feature of developing neural circuits well before the estab-
lishment of cortical layers (Luhmann et al., 2016) and refinement through experience dependent
mechanisms (Khazipov and Luhmann, 2006). Our findings provide the first evidence that the most
common of these neuronal events in the late preterm period are seen in the posterior temporal
regions and are largely generated by the insulae and subplate. As these events are known to have
an instructive function in cortical maturation in rodents (Hanganu-Opatz, 2010; Khazipov and Luh-
mann, 2006; Rakic and Komuro, 1995), our results suggest that these structures may play a key
developmental role as a major location of these bursting events in early human life.
Materials and methods
Participants
Thirteen preterm infants (five females; studied between 32–36 weeks post-menstrual age, PMA) 5–
55 days old (23 ± 17, mean ±SD) were recruited for this study from the Neonatal Unit at St Thomas’
Hospital, London (patient demographic information is detailed in Supplementary file 1). Informed
written parental consent was obtained prior to each study. The research methods conformed to the
standards set by the Declaration of Helsinki and were approved by the National Research Ethics
Committee.
Medical case notes were reviewed and infants were assessed as clinically stable by an experi-
enced pediatrician at the time of study. Infants were excluded if they required any respiratory sup-
port during scanning or if they were known to have a history of severe brain pathology such as
extensive intraventricular hemorrhage (grade 3 with ventricular dilatation; grade 4 with parenchymal
extension), birth asphyxia, focal intracerebral lesions affecting the parenchyma or white matter (such
as infarction, overt hemorrhage, or multiple punctate white matter lesions), severe hydrocephalus, or
congenital brain malformations.
EEG-fMRI acquisition
MR images were collected following feeding and during natural sleep on a 3-Tesla Philips Achieva
scanner (Best, Netherlands) located on the Neonatal Unit. Each infant was fitted with ear protection
(moulded dental putty and adhesive earmuffs (Minimuffs, Natus Medical Inc, San Carlos CA, USA))
and immobilized using a vacuum cushion (Med-Vac, CFI Medical Solutions, Fenton, MI, USA). An
appropriately sized, custom-made cap containing 26–32 scalp electrodes (EasyCAP GmbH, DE) was
fitted on the head of each infant prior to scanning and connected to an MR-compatible EEG system
(Brain Products GmbH, DE, RRID:SCR_009443). Blood Oxygen Level Dependent (BOLD) functional
MRI data (299–499 volumes) were collected using a T2*-weighted single-shot gradient echo echo-
planar imaging (GRE-EPI) sequence (resolution: 2.5*2.5*3.25 mm; 21 slices; TE: 30-45msec; TR:
1500msec, FA: 60–90 degrees; SENSE factor 2). Exact synchronization between the two recording
modalities was achieved by marking each MR volume acquisition on the EEG using a TTL trigger
generated by the MR scanner. High resolution MPRAGE (Magnetization-prepared Rapid Gradient
Echo) T1- and TSE (Turbo Spin Echo) T2-weighted MRI scans were also acquired in the same study
session for registration purposes and to allow more precise anatomical localization of the identified
BOLD signal changes (Merchant et al., 2009). All high resolution structural images were formally
reported by a Neonatal Neuroradiologist as showing normal appearances for age. As reported in
the literature, the subplate layer could be qualitatively appreciated in all of our study subjects as an
area of high signal on T2 images lying just below the cortex, which was most prominently seen in the
temporal poles bilaterally (Kostovic and Rakic, 1990) (Figure 2—figure supplement 2).
EEG pre-processing and analysis
Gradient artefacts caused by the MR image acquisition were filtered from the EEG data using a com-
mercially available EEG processing software package (Analyzer 2; Brain Products, DE). EEG cardio-
ballistic artefacts, which are typically observed in adults (Allen et al., 1998), were not present in our
neonatal recordings. Three independent trained observers (KW, GB, LF) reviewed the EEG record-
ings and marked the occurrence of delta brush events. Delta brushes were defined as bursts of fast
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frequency ripples of 8–25 Hz superimposed on a slow wave of 0.3–1.5 Hz (Khazipov and Luhmann,
2006; Andre´ et al., 2010; Milh et al., 2007). Inter-rater reliability was assessed using Fleiss’ Kappa
analysis (Fleiss, 1971) and resulted in a substantial agreement (median Fleiss’ Kappa 0.65 (range
0.25–0.76)). Consensus on delta brush occurrence was then reached amongst the three reviewers for
each event and confirmed by a Consultant Pediatric Clinical Neurophysiologist (RP). Events were
then labelled based on their field distribution as having unilateral (right – R or left – L), midline (M) or
bilateral (B) frontal (F), central (C), temporal (T), parietal (Pa), posterior-temporal (PT), occipital (O),
posterior-temporal occipital (PTO) or posterior quadrant (PQ) topography (Supplementary file 2).
Different topographical distributions were then used as separate Explanatory Variables (EVs) in the
general linear model (GLM) of the fMRI analysis (see below). Only EVs containing at least 3 events
were used for analysis. Two data sets were discarded because of insufficient EEG quality (due to
bridging electrodes or unsuccessful artifact removal) which made them unsuitable for reliable delta
brush detection.
fMRI data pre-processing and subject level analysis
fMRI data pre-processing and analysis were performed with an optimized pipeline for studying data
acquired from neonatal subjects using tools implemented in FSL (FMRIB’s software library, www.
fmrib.ox.ac.uk/fsl, RRID:SCR_002823) (Allievi et al., 2016; Arichi et al., 2012; Arichi et al., 2010;
Arichi et al., 2014; Arichi et al., 2013; Smith et al., 2004). Each dataset was visually reviewed to
check for data quality and for overt motion artifact. BOLD contrast time-series were then truncated
to exclude excessive motion signal artifact (based on the root mean square intensity difference to
the center reference volume) at the beginning or at the end of the recordings. One data set was dis-
carded as the remaining data segment did not contain more than 3 delta brushes with the same
topography (i.e. belonging to the same EV).
The remaining 10 subject datasets were then processed using an optimized pre-processing pipe-
line which was implemented in FEAT (fMRI Expert Analysis Tool, v5.98), including rigid-body head
motion correction (using MCFLIRT), slice-timing correction, non-brain tissue removal (using BET),
spatial smoothing (Gaussian filter of full-width half-maximum [FWHM] 5 mm), global intensity normal-
ization, and high-pass temporal filtering (cut-off 50 s) (Smith et al., 2004; Woolrich et al., 2001). As
motion artifact is known to represent a key source of bias in fMRI data, residual motion and physio-
logical noise (such as those associated with vascular or respiratory effects) were removed by per-
forming data-denoising with MELODIC (Model-free fMRI analysis using Probabilistic Independent
Component Analysis [PICA, v3.0]) (Beckmann and Smith, 2004).
Statistical analysis in FEAT was done with FMRIB’s improved linear model (FILM) with local auto-
correlation correction (Woolrich et al., 2001). A general linear model (GLM) was used to perform a
univariate (voxel-wise) fitting of the observed data to a linear combination of our explanatory varia-
bles (EVs). These included: (i) one EV for each delta brush topography (e.g. one EV for right poste-
rior-temporal delta brushes, another one for left posterior-temporal delta brushes, etc.) representing
the occurrence of each event convolved with a set of basis functions optimised for the preterm
hemodynamic response (Arichi et al., 2012) and (ii) to further ensure that motion artifact did not
affect our results, binary confound regressors to exclude each volume affected by motion (and iden-
tified as a signal outlier in the timeseries based on the root mean square intensity difference to the
reference center volume) despite MELODIC denoising. The calculated t-statistical image was then
converted to a z-statistical image and a threshold of 2.3 with a corrected cluster significance level of
p<0.05 was then used to generate spatial maps of activated voxels on an individual subject level
(Figure 2—figure supplement 1). Activation maps were then registered to the individual subject’s
high-resolution structural T2-weighted image using a 6 DOF rigid-body registration (FLIRT v5.5)
(Jenkinson and Smith, 2001). The spatial distribution of significant clusters of BOLD activity for
each subject are summarised in Supplementary file 3.
fMRI group level analysis
Individual subject activation maps corresponding to homologous delta brush topographical distribu-
tion were co-aligned to an age-specific spatio-temporal neonatal atlas using FSL’s nonlinear image
registration tool (FNIRT v2.0) (Serag et al., 2012). Group average functional clusters at a significance
of p<0.05 were then identified using permutation testing as implemented in FSL Randomise (v2.1)
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(Nichols and Holmes, 2002). A non-parametric single-group t-test with threshold-free cluster
enhancement (TFCE) with family-wise error correction (FWE) to correct for multiple comparisons was
then used to identify study population clusters associated with left and right posterior temporal
delta brush activity (Smith and Nichols, 2009).
Acknowledgements
The authors acknowledge support from the Department of Health via the National Institute for
Health Research (NIHR) comprehensive Biomedical Research Centre award to Guy’s and St Thomas’
NHS Foundation Trust in partnership with King’s College London and King’s College Hospital NHS
Foundation Trust. TA was supported by an Academic Clinical Lectureship from the NIHR, a Starter
Grant from the Academy of Medical Sciences (AMS) and a Medical Research Council (MRC) Clinician
Scientist Fellowship (MR/P008712/1). LF and KW were supported by a MRC Career Development
Award (MR/L019248/1). The authors also thank Professor Maria Fitzgerald, Professor Jo Hajnal, and
Dr Robert Sto¨rmer for invaluable discussion and technical support throughout the study. We are also
extremely grateful to the patients and families who participated in the study.
Additional information
Funding
Funder Grant reference number Author
Medical Research Council MR/L019248/1 Kimberley Whitehead
Lorenzo Fabrizi
National Institute for Health
Research
Tomoki Arichi
Academy of Medical Sciences Tomoki Arichi
Medical Research Council MR/P008712/1 Tomoki Arichi
The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.
Author contributions
Tomoki Arichi, Lorenzo Fabrizi, Conceptualization, Data curation, Formal analysis, Funding acquisi-
tion, Investigation, Visualization, Methodology, Writing—original draft, Project administration, Writ-
ing—review and editing, Data acquisition; Kimberley Whitehead, Formal analysis, Writing—review
and editing, Data acquisition; Giovanni Barone, Formal analysis, Writing—review and editing, Data
aquisition; Ronit Pressler, Formal analysis, Writing—review and editing; Francesco Padormo, Meth-
odology, Writing—review and editing; A David Edwards, Conceptualization, Resources, Funding
acquisition, Writing—review and editing
Author ORCIDs
Tomoki Arichi, http://orcid.org/0000-0002-3550-1644
A David Edwards, http://orcid.org/0000-0003-4801-7066
Lorenzo Fabrizi, http://orcid.org/0000-0002-9582-0727
Ethics
Human subjects: Informed consent, and consent to publish, was obtained from the parents of all
subjects enrolled in the study. National Research Ethics Committee approval was obtained from the
West London REC (12/LO/1247). All of the research methods conformed to the standard set by the
Declaration of Helsinki.
Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.27814.011
Author response https://doi.org/10.7554/eLife.27814.012
Arichi et al. eLife 2017;6:e27814. DOI: https://doi.org/10.7554/eLife.27814 9 of 14
Short report Human Biology and Medicine Neuroscience
Additional files
Supplementary files
. Supplementary file 1. Demographic information of the study sample.
DOI: https://doi.org/10.7554/eLife.27814.007
. Supplementary file 2. Delta brush topographical distributions. In bold are topographical distribu-
tions that occurred at least three times for a given subject and were therefore used in the fMRI first
level (individual subject) analysis. Delta brushes were unilateral (right – R or left – L), midline (M) or
bilateral (B) frontal (F), central (C), temporal (T), parietal (Pa), posterior-temporal (PT), occipital (O),
posterior-temporal occipital (PTO) or involving the posterior quadrant (PQ).
DOI: https://doi.org/10.7554/eLife.27814.008
. Supplementary file 3. First level fMRI analysis results. Summary of the spatial location of significant
clusters identified in the first level analysis of the EEG-fMRI data for each subject with respect to the
explanatory variables included in the model (delta brush topography).
DOI: https://doi.org/10.7554/eLife.27814.009
. Transparent reporting form
DOI: https://doi.org/10.7554/eLife.27814.010
References
Allen PJ, Polizzi G, Krakow K, Fish DR, Lemieux L. 1998. Identification of EEG events in the MR scanner: the
problem of pulse artifact and a method for its subtraction. NeuroImage 8:229–239. DOI: https://doi.org/10.
1006/nimg.1998.0361, PMID: 9758737
Allievi AG, Arichi T, Tusor N, Kimpton J, Arulkumaran S, Counsell SJ, Edwards AD, Burdet E. 2016. Maturation of
Sensori-Motor Functional Responses in the Preterm Brain. Cerebral Cortex 26:402–413. DOI: https://doi.org/
10.1093/cercor/bhv203, PMID: 26491066
American Clinical Neurophysiology Society Critical Care Monitoring Committee, Tsuchida TN, Wusthoff CJ,
Shellhaas RA, Abend NS, Hahn CD, Sullivan JE, Nguyen S, Weinstein S, Scher MS, Riviello JJ, Clancy RR. 2013.
American clinical neurophysiology society standardized EEG terminology and categorization for the description
of continuous EEG monitoring in neonates: report of the American Clinical Neurophysiology Society critical
care monitoring committee. Journal of Clinical Neurophysiology : Official Publication of the American
Electroencephalographic Society 30:161–173. DOI: https://doi.org/10.1097/WNP.0b013e3182872b24,
PMID: 23545767
Andre´ M, Lamblin MD, d’Allest AM, Curzi-Dascalova L, Moussalli-Salefranque F, S Nguyen The T, Vecchierini-
Blineau MF, Wallois F, Walls-Esquivel E, Plouin P. 2010. Electroencephalography in premature and full-term
infants. Developmental features and glossary. Neurophysiologie Clinique/Clinical Neurophysiology 40:59–124.
DOI: https://doi.org/10.1016/j.neucli.2010.02.002, PMID: 20510792
Arichi T, Moraux A, Melendez A, Doria V, Groppo M, Merchant N, Combs S, Burdet E, Larkman DJ, Counsell SJ,
Beckmann CF, Edwards AD. 2010. Somatosensory cortical activation identified by functional MRI in preterm
and term infants. NeuroImage 49:2063–2071. DOI: https://doi.org/10.1016/j.neuroimage.2009.10.038, PMID: 1
9854281
Arichi T, Fagiolo G, Varela M, Melendez-Calderon A, Allievi A, Merchant N, Tusor N, Counsell SJ, Burdet E,
Beckmann CF, Edwards AD. 2012. Development of BOLD signal hemodynamic responses in the human brain.
NeuroImage 63:663–673. DOI: https://doi.org/10.1016/j.neuroimage.2012.06.054, PMID: 22776460
Arichi T, Gordon-Williams R, Allievi A, Groves AM, Burdet E, Edwards AD. 2013. Computer-controlled
stimulation for functional magnetic resonance imaging studies of the neonatal olfactory system. Acta
Paediatrica 102:868–875. DOI: https://doi.org/10.1111/apa.12327, PMID: 23789919
Arichi T, Counsell SJ, Allievi AG, Chew AT, Martinez-Biarge M, Mondi V, Tusor N, Merchant N, Burdet E, Cowan
FM, Edwards AD. 2014. The effects of hemorrhagic parenchymal infarction on the establishment of sensori-
motor structural and functional connectivity in early infancy. Neuroradiology 56:985–994. DOI: https://doi.org/
10.1007/s00234-014-1412-5, PMID: 25119253
Baldoli C, Scola E, Della Rosa PA, Pontesilli S, Longaretti R, Poloniato A, Scotti R, Blasi V, Cirillo S, Iadanza A,
Rovelli R, Barera G, Scifo P. 2015. Maturation of preterm newborn brains: a fMRI-DTI study of auditory
processing of linguistic stimuli and white matter development. Brain Structure and Function 220:3733–3751.
DOI: https://doi.org/10.1007/s00429-014-0887-5, PMID: 25244942
Ball G, Boardman JP, Rueckert D, Aljabar P, Arichi T, Merchant N, Gousias IS, Edwards AD, Counsell SJ. 2012.
The effect of preterm birth on thalamic and cortical development. Cerebral Cortex 22:1016–1024. DOI: https://
doi.org/10.1093/cercor/bhr176, PMID: 21772018
Arichi et al. eLife 2017;6:e27814. DOI: https://doi.org/10.7554/eLife.27814 10 of 14
Short report Human Biology and Medicine Neuroscience
Ball G, Aljabar P, Zebari S, Tusor N, Arichi T, Merchant N, Robinson EC, Ogundipe E, Rueckert D, Edwards AD,
Counsell SJ. 2014. Rich-club organization of the newborn human brain. PNAS 111:7456–7461. DOI: https://doi.
org/10.1073/pnas.1324118111, PMID: 24799693
Ball G, Pazderova L, Chew A, Tusor N, Merchant N, Arichi T, Allsop JM, Cowan FM, Edwards AD, Counsell SJ.
2015. Thalamocortical Connectivity Predicts Cognition in Children Born Preterm. Cerebral Cortex 25:4310–
4318. DOI: https://doi.org/10.1093/cercor/bhu331, PMID: 25596587
Batalle D, Mun˜oz-Moreno E, Tornador C, Bargallo N, Deco G, Eixarch E, Gratacos E. 2016. Altered resting-state
whole-brain functional networks of neonates with intrauterine growth restriction. Cortex 77:119–131.
DOI: https://doi.org/10.1016/j.cortex.2016.01.012, PMID: 26927726
Beckmann CF, Smith SM. 2004. Probabilistic independent component analysis for functional magnetic resonance
imaging. IEEE Transactions on Medical Imaging 23:137–152. DOI: https://doi.org/10.1109/TMI.2003.822821,
PMID: 14964560
Benders MJ, Palmu K, Menache C, Borradori-Tolsa C, Lazeyras F, Sizonenko S, Dubois J, Vanhatalo S, Hu¨ppi PS.
2015. Early Brain Activity Relates to Subsequent Brain Growth in Premature Infants. Cerebral Cortex 25:3014–
3024. DOI: https://doi.org/10.1093/cercor/bhu097, PMID: 24867393
Biagioni E, Bartalena L, Boldrini A, Cioni G, Giancola S, Ipata AE. 1994. Background EEG activity in preterm
infants: correlation of outcome with selected maturational features. Electroencephalography and Clinical
Neurophysiology 91:154–162. DOI: https://doi.org/10.1016/0013-4694(94)90065-5, PMID: 7522144
Boylan GB. 2007. Neurophysiology of the neonatal period. In: Pressler R, Binnie C. D, Cooper R, Robinson R
(Eds). Neonatal and Paediatric Clinical Neurophysiology. Churchill Livingstone Elsevier.
Boylan GB, Murray D, Rennie J. 2008. The normal EEG and aEEG. In: Rennie J, Hagmann C, Robertson N. J
(Eds). Neonatal Cerebral Investigation. 2nd Edition. Cambridge University Press.
Butti C, Hof PR. 2010. The insular cortex: a comparative perspective. Brain Structure and Function 214:477–493.
DOI: https://doi.org/10.1007/s00429-010-0264-y, PMID: 20512368
Chipaux M, Colonnese MT, Mauguen A, Fellous L, Mokhtari M, Lezcano O, Milh M, Dulac O, Chiron C, Khazipov
R, Kaminska A. 2013. Auditory stimuli mimicking ambient sounds drive temporal "delta-brushes" in premature
infants. PLoS One 8:e79028. DOI: https://doi.org/10.1371/journal.pone.0079028, PMID: 24244408
Colonnese MT, Kaminska A, Minlebaev M, Milh M, Bloem B, Lescure S, Moriette G, Chiron C, Ben-Ari Y,
Khazipov R. 2010. A conserved switch in sensory processing prepares developing neocortex for vision. Neuron
67:480–498. DOI: https://doi.org/10.1016/j.neuron.2010.07.015, PMID: 20696384
Conde JR, de Hoyos AL, Martı´nez ED, Campo CG, Pe´rez AM, Borges AA. 2005. Extrauterine life duration and
ontogenic EEG parameters in preterm newborns with and without major ultrasound brain lesions. Clinical
Neurophysiology 116:2796–2809. DOI: https://doi.org/10.1016/j.clinph.2005.08.020, PMID: 16253552
D’Allest AM, Andre M. 2002. Electroencephalography. In: Lagercrantz H, Hanson M. G, Evrard P, Rodeck C
(Eds). The Newborn Brain: Neuroscience and Clinical Applications. 1st Edition. Cambridge University Press.
Darvas F, Pantazis D, Kucukaltun-Yildirim E, Leahy RM. 2004. Mapping human brain function with MEG and EEG:
methods and validation. NeuroImage 23 Suppl 1:S289–S299. DOI: https://doi.org/10.1016/j.neuroimage.2004.
07.014, PMID: 15501098
Doria V, Beckmann CF, Arichi T, Merchant N, Groppo M, Turkheimer FE, Counsell SJ, Murgasova M, Aljabar P,
Nunes RG, Larkman DJ, Rees G, Edwards AD. 2010. Emergence of resting state networks in the preterm
human brain. PNAS 107:20015–20020. DOI: https://doi.org/10.1073/pnas.1007921107, PMID: 21041625
Egan˜a-Ugrinovic G, Sanz-Cortes M, Figueras F, Couve-Perez C, Grataco´s E. 2014. Fetal MRI insular cortical
morphometry and its association with neurobehavior in late-onset small-for-gestational-age fetuses. Ultrasound
in Obstetrics & Gynecology 44:322–329. DOI: https://doi.org/10.1002/uog.13360, PMID: 24616027
Erberich SG, Friedlich P, Seri I, Nelson MD, Blu¨ml S. 2003. Functional MRI in neonates using neonatal head coil
and MR compatible incubator. NeuroImage 20:683–692. DOI: https://doi.org/10.1016/S1053-8119(03)00370-7,
PMID: 14568444
Fabrizi L, Slater R, Worley A, Meek J, Boyd S, Olhede S, Fitzgerald M. 2011. A shift in sensory processing that
enables the developing human brain to discriminate touch from pain. Current Biology 21:1552–1558.
DOI: https://doi.org/10.1016/j.cub.2011.08.010, PMID: 21906948
Fleiss JL. 1971. Measuring nominal scale agreement among many raters. Psychological Bulletin 76:378–382.
DOI: https://doi.org/10.1037/h0031619
Gao W, Gilmore JH, Giovanello KS, Smith JK, Shen D, Zhu H, Lin W. 2011. Temporal and spatial evolution of
brain network topology during the first two years of life. PLoS One 6:e25278. DOI: https://doi.org/10.1371/
journal.pone.0025278, PMID: 21966479
Grewen K, Salzwedel AP, Gao W. 2015. Functional Connectivity Disruption in Neonates with Prenatal Marijuana
Exposure. Frontiers in Human Neuroscience 9:601. DOI: https://doi.org/10.3389/fnhum.2015.00601, PMID: 265
82983
Hahn JS, Tharp BR. 2005. Neonatal and paediatric encephalography. In: Aminoff M. J (Ed). Electrodiagnosis in
Clinical Neurology. 5th Edition. Elsevier.
Hanganu IL, Ben-Ari Y, Khazipov R. 2006. Retinal waves trigger spindle bursts in the neonatal rat visual cortex.
Journal of Neuroscience 26:6728–6736. DOI: https://doi.org/10.1523/JNEUROSCI.0752-06.2006, PMID: 16793
880
Hanganu-Opatz IL. 2010. Between molecules and experience: role of early patterns of coordinated activity for
the development of cortical maps and sensory abilities. Brain Research Reviews 64:160–176. DOI: https://doi.
org/10.1016/j.brainresrev.2010.03.005, PMID: 20381527
Arichi et al. eLife 2017;6:e27814. DOI: https://doi.org/10.7554/eLife.27814 11 of 14
Short report Human Biology and Medicine Neuroscience
Hatton SN, Lagopoulos J, Hermens DF, Naismith SL, Bennett MR, Hickie IB. 2012. Correlating anterior insula
gray matter volume changes in young people with clinical and neurocognitive outcomes: an MRI study. BMC
Psychiatry 12:45. DOI: https://doi.org/10.1186/1471-244X-12-45, PMID: 22607202
Hayakawa F, Okumura A, Kato T, Kuno K, Watanabe K. 1997. Dysmature EEG pattern in EEGs of preterm infants
with cognitive impairment: maturation arrest caused by prolonged mild CNS depression. Brain and
Development 19:122–125. DOI: https://doi.org/10.1016/S0387-7604(96)00491-3, PMID: 9105658
Holmes GL, Lombroso CT. 1993. Prognostic value of background patterns in the neonatal EEG. Journal of
Clinical Neurophysiology 10:323–352. DOI: https://doi.org/10.1097/00004691-199307000-00008, PMID: 84085
99
Huang H, Yamamoto A, Hossain MA, Younes L, Mori S. 2008. Quantitative cortical mapping of fractional
anisotropy in developing rat brains. Journal of Neuroscience 28:1427–1433. DOI: https://doi.org/10.1523/
JNEUROSCI.3194-07.2008, PMID: 18256263
Ina´cio AR, Nasretdinov A, Lebedeva J, Khazipov R. 2016. Sensory feedback synchronizes motor and sensory
neuronal networks in the neonatal rat spinal cord. Nature Communications 7:13060. DOI: https://doi.org/10.
1038/ncomms13060, PMID: 27713428
Jenkinson M, Smith S. 2001. A global optimisation method for robust affine registration of brain images. Medical
Image Analysis 5:143–156. DOI: https://doi.org/10.1016/S1361-8415(01)00036-6, PMID: 11516708
Johnson S, Marlow N. 2011. Preterm birth and childhood psychiatric disorders. Pediatric Research 69:11R–18.
DOI: https://doi.org/10.1203/PDR.0b013e318212faa0, PMID: 21289534
Johnson SL, Eckrich T, Kuhn S, Zampini V, Franz C, Ranatunga KM, Roberts TP, Masetto S, Knipper M, Kros CJ,
Marcotti W. 2011. Position-dependent patterning of spontaneous action potentials in immature cochlear inner
hair cells. Nature Neuroscience 14:711–717. DOI: https://doi.org/10.1038/nn.2803, PMID: 21572434
Khazipov R, Luhmann HJ. 2006. Early patterns of electrical activity in the developing cerebral cortex of humans
and rodents. Trends in Neurosciences 29:414–418. DOI: https://doi.org/10.1016/j.tins.2006.05.007,
PMID: 16713634
Kidokoro H, Okumura A, Watanabe K. 2006. Abnormal brushes in preterm infants with periventricular
leukomalacia. Neuropediatrics 37:265–268. DOI: https://doi.org/10.1055/s-2006-924614, PMID: 17236104
Kostovic I, Rakic P. 1990. Developmental history of the transient subplate zone in the visual and somatosensory
cortex of the macaque monkey and human brain. The Journal of Comparative Neurology 297:441–470.
DOI: https://doi.org/10.1002/cne.902970309, PMID: 2398142
Kostovic´ I, Jovanov-Milosˇevic´ N, Radosˇ M, Sedmak G, Benjak V, Kostovic´-Srzentic´ M, Vasung L, Cˇuljat M, Radosˇ
M, Hu¨ppi P, Judasˇ M. 2014. Perinatal and early postnatal reorganization of the subplate and related cellular
compartments in the human cerebral wall as revealed by histological and MRI approaches. Brain Structure and
Function 219:231–253. DOI: https://doi.org/10.1007/s00429-012-0496-0, PMID: 23250390
Kozberg MG, Ma Y, Shaik MA, Kim SH, Hillman EM. 2016. Rapid Postnatal Expansion of Neural Networks
Occurs in an Environment of Altered Neurovascular and Neurometabolic Coupling. Journal of Neuroscience
36:6704–6717. DOI: https://doi.org/10.1523/JNEUROSCI.2363-15.2016, PMID: 27335402
Kroenke CD, Van Essen DC, Inder TE, Rees S, Bretthorst GL, Neil JJ. 2007. Microstructural changes of the
baboon cerebral cortex during gestational development reflected in magnetic resonance imaging diffusion
anisotropy. Journal of Neuroscience 27:12506–12515. DOI: https://doi.org/10.1523/JNEUROSCI.3063-07.2007,
PMID: 18003829
Lamblin MD, Andre´ M, Challamel MJ, Curzi-Dascalova L, d’Allest AM, De Giovanni E, Moussalli-Salefranque F,
Navelet Y, Plouin P, Radvanyi-Bouvet MF, Samson-Dollfus D, Vecchierini-Blineau MF. 1999.
[Electroencephalography of the premature and term newborn. Maturational aspects and glossary].
Neurophysiologie Clinique = Clinical Neurophysiology 29:123–219. PMID: 10367287
Lee W, Donner EJ, Nossin-Manor R, Whyte HE, Sled JG, Taylor MJ. 2012. Visual functional magnetic resonance
imaging of preterm infants. Developmental Medicine & Child Neurology 54:724–729. DOI: https://doi.org/10.
1111/j.1469-8749.2012.04342.x, PMID: 22715952
Lombroso CT. 1985. Neonatal polygraphy in full-term and premature infants: a review of normal and abnormal
findings. Journal of Clinical Neurophysiology : Official Publication of the American Electroencephalographic
Society 2:105–155. PMID: 3916839
Luhmann HJ, Sinning A, Yang JW, Reyes-Puerta V, Stu¨ttgen MC, Kirischuk S, Kilb W. 2016. Spontaneous
Neuronal Activity in Developing Neocortical Networks: From Single Cells to Large-Scale Interactions. Frontiers
in Neural Circuits 10:40. DOI: https://doi.org/10.3389/fncir.2016.00040, PMID: 27252626
Makropoulos A, Aljabar P, Wright R, Hu¨ning B, Merchant N, Arichi T, Tusor N, Hajnal JV, Edwards AD, Counsell
SJ, Rueckert D. 2016. Regional growth and atlasing of the developing human brain. NeuroImage 125:456–478.
DOI: https://doi.org/10.1016/j.neuroimage.2015.10.047, PMID: 26499811
Mars RB, Sallet J, Neubert FX, Rushworth MF. 2013. Connectivity profiles reveal the relationship between brain
areas for social cognition in human and monkey temporoparietal cortex. PNAS 110:10806–10811. DOI: https://
doi.org/10.1073/pnas.1302956110, PMID: 23754406
Merchant N, Groves A, Larkman DJ, Counsell SJ, Thomson MA, Doria V, Groppo M, Arichi T, Foreman S, Herlihy
DJ, Hajnal JV, Srinivasan L, Foran A, Rutherford M, Edwards AD, Boardman JP. 2009. A patient care system for
early 3.0 Tesla magnetic resonance imaging of very low birth weight infants. Early Human Development 85:
779–783. DOI: https://doi.org/10.1016/j.earlhumdev.2009.10.007, PMID: 19926413
Milh M, Kaminska A, Huon C, Lapillonne A, Ben-Ari Y, Khazipov R. 2007. Rapid cortical oscillations and early
motor activity in premature human neonate. Cerebral Cortex 17:1582–1594. DOI: https://doi.org/10.1093/
cercor/bhl069, PMID: 16950867
Arichi et al. eLife 2017;6:e27814. DOI: https://doi.org/10.7554/eLife.27814 12 of 14
Short report Human Biology and Medicine Neuroscience
Miranda-Dominguez O, Mills BD, Grayson D, Woodall A, Grant KA, Kroenke CD, Fair DA. 2014. Bridging the
gap between the human and macaque connectome: a quantitative comparison of global interspecies structure-
function relationships and network topology. Journal of Neuroscience 34:5552–5563. DOI: https://doi.org/10.
1523/JNEUROSCI.4229-13.2014, PMID: 24741045
Nichols TE, Holmes AP. 2002. Nonparametric permutation tests for functional neuroimaging: a primer with
examples. Human Brain Mapping 15:1–25. DOI: https://doi.org/10.1002/hbm.1058, PMID: 11747097
Niedermeyer E. 2005. Maturation of the EEG: development of waking and sleep patterns. In: Niedermeyer E, Da
Silva F. L (Eds). Electroencephalography: Basic Principles, Clinical Applications and Related Fields. Philadelphia:
Lippincott Williams & Wilkins.
Nieuwenhuys R. 2012. The insular cortex: a review. Progress in brain research 195:123–163. DOI: https://doi.
org/10.1016/B978-0-444-53860-4.00007-6, PMID: 22230626
Okumura A, Hayakawa F, Kato T, Kuno K, Watanabe K. 1999. Positive rolandic sharp waves in preterm infants
with periventricular leukomalacia: their relation to background electroencephalographic abnormalities.
Neuropediatrics 30:278–282. DOI: https://doi.org/10.1055/s-2007-973505, PMID: 10706020
Okumura A, Hayakawa F, Kato T, Kuno K, Watanabe K. 2002. Developmental outcome and types of chronic-
stage EEG abnormalities in preterm infants. Developmental Medicine & Child Neurology 44:729–734.
DOI: https://doi.org/10.1111/j.1469-8749.2002.tb00278.x, PMID: 12418612
Rakic P, Komuro H. 1995. The role of receptor/channel activity in neuronal cell migration. Journal of
Neurobiology 26:299–315. DOI: https://doi.org/10.1002/neu.480260303, PMID: 7775964
Salzwedel AP, Grewen KM, Vachet C, Gerig G, Lin W, Gao W. 2015. Prenatal drug exposure affects neonatal
brain functional connectivity. Journal of Neuroscience 35:5860–5869. DOI: https://doi.org/10.1523/
JNEUROSCI.4333-14.2015, PMID: 25855194
Serag A, Aljabar P, Ball G, Counsell SJ, Boardman JP, Rutherford MA, Edwards AD, Hajnal JV, Rueckert D. 2012.
Construction of a consistent high-definition spatio-temporal atlas of the developing brain using adaptive kernel
regression. NeuroImage 59:2255–2265. DOI: https://doi.org/10.1016/j.neuroimage.2011.09.062, PMID: 21985
910
Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-Berg H, Bannister PR, De Luca M,
Drobnjak I, Flitney DE, Niazy RK, Saunders J, Vickers J, Zhang Y, De Stefano N, Brady JM, Matthews PM. 2004.
Advances in functional and structural MR image analysis and implementation as FSL. NeuroImage 23 Suppl 1:
S208–S219. DOI: https://doi.org/10.1016/j.neuroimage.2004.07.051, PMID: 15501092
Smith SM, Nichols TE. 2009. Threshold-free cluster enhancement: addressing problems of smoothing, threshold
dependence and localisation in cluster inference. NeuroImage 44:83–98. DOI: https://doi.org/10.1016/j.
neuroimage.2008.03.061, PMID: 18501637
Tich SN, d’Allest AM, Villepin AT, de Belliscize J, Walls-Esquivel E, Salefranque F, Lamblin MD. 2007.
Pathological features of neonatal EEG in preterm babies born before 30 weeks of gestationnal age.
Neurophysiologie Clinique/Clinical Neurophysiology 37:325–370. DOI: https://doi.org/10.1016/j.neucli.2007.
10.001, PMID: 18063234
Tolner EA, Sheikh A, Yukin AY, Kaila K, Kanold PO. 2012. Subplate neurons promote spindle bursts and
thalamocortical patterning in the neonatal rat somatosensory cortex. Journal of Neuroscience 32:692–702.
DOI: https://doi.org/10.1523/JNEUROSCI.1538-11.2012, PMID: 22238105
Tolonen M, Palva JM, Andersson S, Vanhatalo S. 2007. Development of the spontaneous activity transients and
ongoing cortical activity in human preterm babies. Neuroscience 145:997–1006. DOI: https://doi.org/10.1016/j.
neuroscience.2006.12.070, PMID: 17307296
Vecchierini MF, Andre´ M, d’Allest AM. 2007. Normal EEG of premature infants born between 24 and 30 weeks
gestational age: terminology, definitions and maturation aspects. Neurophysiologie Clinique/Clinical
Neurophysiology 37:311–323. DOI: https://doi.org/10.1016/j.neucli.2007.10.008, PMID: 18063233
Volpe JJ. 1995. 5th Edition. Specialised studies in the neurological evaluation. Saunders Elsevier.
Watanabe K, Hayakawa F, Okumura A. 1999. Neonatal EEG: a powerful tool in the assessment of brain damage
in preterm infants. Brain and Development 21:361–372. DOI: https://doi.org/10.1016/S0387-7604(99)00034-0,
PMID: 10487468
White BR, Liao SM, Ferradal SL, Inder TE, Culver JP. 2012. Bedside optical imaging of occipital resting-state
functional connectivity in neonates. NeuroImage 59:2529–2538. DOI: https://doi.org/10.1016/j.neuroimage.
2011.08.094, PMID: 21925609
Whitehead K, Pressler R, Fabrizi L. 2017. Characteristics and clinical significance of delta brushes in the EEG of
premature infants. Clinical Neurophysiology Practice 2:12–18. DOI: https://doi.org/10.1016/j.cnp.2016.11.002
Woolrich MW, Ripley BD, Brady M, Smith SM. 2001. Temporal autocorrelation in univariate linear modeling of
FMRI data. NeuroImage 14:1370–1386. DOI: https://doi.org/10.1006/nimg.2001.0931, PMID: 11707093
Xu HP, Furman M, Mineur YS, Chen H, King SL, Zenisek D, Zhou ZJ, Butts DA, Tian N, Picciotto MR, Crair MC.
2011. An instructive role for patterned spontaneous retinal activity in mouse visual map development. Neuron
70:1115–1127. DOI: https://doi.org/10.1016/j.neuron.2011.04.028, PMID: 21689598
Yang JW, Hanganu-Opatz IL, Sun JJ, Luhmann HJ. 2009. Three patterns of oscillatory activity differentially
synchronize developing neocortical networks in vivo. Journal of Neuroscience 29:9011–9025. DOI: https://doi.
org/10.1523/JNEUROSCI.5646-08.2009, PMID: 19605639
Yang JW, An S, Sun JJ, Reyes-Puerta V, Kindler J, Berger T, Kilb W, Luhmann HJ. 2013. Thalamic network
oscillations synchronize ontogenetic columns in the newborn rat barrel cortex. Cerebral Cortex 23:1299–1316.
DOI: https://doi.org/10.1093/cercor/bhs103, PMID: 22593243
Arichi et al. eLife 2017;6:e27814. DOI: https://doi.org/10.7554/eLife.27814 13 of 14
Short report Human Biology and Medicine Neuroscience
Zehendner CM, Tsohataridis S, Luhmann HJ, Yang JW. 2013. Developmental switch in neurovascular coupling in
the immature rodent barrel cortex. PLoS One 8:e80749. DOI: https://doi.org/10.1371/journal.pone.0080749,
PMID: 24224059
Zingg B, Hintiryan H, Gou L, Song MY, Bay M, Bienkowski MS, Foster NN, Yamashita S, Bowman I, Toga AW,
Dong HW. 2014. Neural networks of the mouse neocortex. Cell 156:1096–1111. DOI: https://doi.org/10.1016/
j.cell.2014.02.023, PMID: 24581503
Arichi et al. eLife 2017;6:e27814. DOI: https://doi.org/10.7554/eLife.27814 14 of 14
Short report Human Biology and Medicine Neuroscience
